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AIK”l’RAC-I’

Spcxt ra in the. JO pm ) Cgioll were. obtained of 14 young

Oph dark C1OU d.

I Cq)l-c)cluccxl  with

Silicate. clust emission and absorption

simple  mocle.ls using the. cunissivily  of

stals associate.cl  with the. p

fe.ature.s can be fairly we.1]

the. silic.atm  in the Oricm

“I’raI)ezillllls  taxO] O1iIl\\'aso  t)taille.dt  c)de.fil]et} )isell)issivity ]]]ore~)]-ecisely.  ‘l’he.

emissivity  of silicate  dust around the late. - type giant p Q clcm not  improve. the fits

to the absorption fe.atul  es and provicle.s  a pool er match to the. emission features,

Ncnle.  of the. SOUICCS clisp]ay a stlong 11.25 pm pc.ak like. that seen in cmme.t l~alley

ancl attributed to crystalline olivine.,  A brc)ad shallow feature near 11.25 pm, possibly

related  tc) the. comet fe.aturc, is e.vicle.nt  in the. emission spc.ctru:u of the Ae. stal 111>

J 50193. Absorption fe.ature.s tow~a]d twc) of the objects a] e narrower than wou]ct bC

cxpe.ctecl  f~ om Trapezium - like. silic.atcx,  s~lggm.ting diffemnms  in the, composition

of the, silicates. “1’he relation between the. silicate. extinction bancl  cle.pth and 1 lZO ice.

band depths is determined for the. dcw.ply cmtwclcle.cl  objects. One late. – type object,

J{lias 14, clearly  shows the 11.25 pm aron~atic  hyclrcwarbon  emission feature., possibly

e.xcite.cl  by the. nearby B star, 1 ID 147889,  though t}le  latter dots not exhibit the.

fe.atule.



1. lN’I’I<C)I)LJ(:’I’10N

Many young  stars have silicate dust el[~ission  or absorption featul es at 10 pm.

‘l”hc  spectral shape of the. 10 ~m Si– 0 band reflects the mineralogy of the. silicate.s.

Oxygen- rich late -- type stars and proto-p]anetary  nebulae show a rich variety of

minera]ogie.s  indicative of the temperature and pressure. conditions in circumstel]ar

regions (e.g. IIallow 1993). It is usually assumed, based on the available spectra, that

silicates around young stars have. the broad, structure]e.ss  shape peaking around 9.7

pm seen in molecular clouds: the “’1’rapeziun~”  profile (Gille.tt C[ al. 1975; Whittct

PI al. 1988). The Trapezium emissivity is gcne~al]y attributed to amorphous silic.atcs

(e.g. I)ay 1974; IXmchner  cl al. 1 9 8 8 ) . llowevcr,  narrower emission features

attributed to more crystalline. silicates have been reported around a few young  stars,

such as AH Aur (Cohen and Witte.boI  1] 198S).

Silicates in comets, however, appear to have quite. different spectra] shapes from

that of the. ‘J’rapezium  (see  llal~ner  e~ al. 1994 for a rc.vie.w).  Comets am bclicvcd

to have formed in rc.gions of the prilnitivc  solar nebula that were. cold e.l~ough  for

inte.]-stellar grains to have  been incorporated directly with little. alteration. Hut a

sha~p  spectra] peak at 1 J.2 pm, attributed to crystalline o]ivinc, has been seen in at

least thlee comets, including Pfllal]ey (Hregman  et fll. 1 987; Campins  and Ryan

1989; ]Ianne.r  et a/. 1990: 1,ynch cr o/. 1992.). Could  cometary grains have been

annealed by heating in the solar nebula during the sun’s T Tauri phase? If so, then

one  might expect to se.c evidence of annealing in the silicate. dust around young

stellar objc.cts. Aitken et al (1988) repol  ted a weak 11.2 pm feature in absorption

along the line of sight to C)], 2591 which they attributed to crystalline. silicates.
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‘I”he current generation of infrared array s]~e.c.trc}~~]e.te.ls  makes it possible. to

c]etmmine.  t}le. spectra] shapes of Ihc silicxitc  fe.ature.s of young  stars with imprcwe.ct

sensitivity and spectra] resc~lutiolt  over pr cwious  grcmnclbased surveys (e.g. Cohen  ancl

Witte.born  1985) ancl IRAS 1.RS spectra.

‘l’he. ne.a~-by p C>phiuchus  clcmcl  conta ins  numerous  young  stellar obje.c.ts,

inc]udillg  p~e.cursors  of solar mass stars (e.g. 1.ada ancl Wilkillg,  19S4), making  ii an

ideal region to conduct a survey. In this paper we. report chwrvaticms  of 14 objects

in the. cent] al cmre.  of the p Oph CJOUC1, sele.ctcd  from the lists of 1 ;Iias (1978) and

Wilking,  and Lacta (1983). C)ur p~-imary objective was 10 de.te.r~~line.  the. spe.ct~ al

shapcx  of the silicate. muission and absc~rfition  bancls  for mmupalison  to cmme.tary

silicate  emission. WC, }lave  n~ocle.llcd  each spectrum assllruing  a “J’rape.z.iun]  - like

emissivity,  then search e.d f ol

the extinction bancl depths

estimated.

cle.viations  from this profile. l~or absorption features,

due to silicates along the line--of – sight were also

2. C) HSIXVATIC)NS

‘1’he spectra  of the, p Oph  objects were. obtained at the, Llnited  Kingdom ]nfral e.cl

‘1’e.le.scc}pe (LJKIR3’) on lJT 29 May 1991 ant] 23, 24 June 1992. ‘l’he. 32– e.le.me.nt

glating  spectrometer CGS3  was used in the low resolution mocle, giving a spectral

1 c%o]ution  of approximately SS. IIata were obtain  ccl through a 5.5” aperture, usually

at two grating positions approximately 1/2 le.solution  e.le.me.nt  apart. “J ‘he, sky

chopping throw was 15” IiW in 1991 ancl ?,0” }iW in 1992. Wave.le.ngth  caliblatior~
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was cle.te.~mirle.ct  by observing the emissicm ]incs in the planetary nebula N(3C  6572;

we, estimate. the uncertainty to be ~ 0.03 pm.

SOUJCCS were observe.c] at airmass  1.4--2.0. Repcate.d  spectra of ~ C)~,h (K2 111)

wem used to define an atmc)sphe.1 ic extinction correction at each wave.lengt})  ancl

each soul cc spectrum was CO] rectc.cl  to uliit ail mass, “1’hc flux stanclald  was a 1.yI,

assumed to be. a 9600 K b]ackbocly  with flux 1.17 X 10--’2 Wn~-2 pm ‘1 at 10.1 pm

(Rieke cl fll. 198S).

On IJ”l’ 4 Nov 1993, a spectrum  of the. Orion q’rape.zium  star 01 Chi D was

obtained with CGS3  at the same )esoluticm.  A 9.4” aperture. was usecl. g’his re,gion

contains extcnde.d 10 pm emission (e.g. Gehrz et al 197 S). The sky chopping  throw

was set to 90fi EW 10 minimim contamination in t}~e. re.fcxe.nce.  beam. l-he aim~ass

stanc]ard  was a ‘J’au;  the flux standard was @ CYvla,  assumed to be a 10000  K

blackbody  with flux 4.33 x 10-]2  Wn~-z pm’”] at 10.1 pm.

‘J”hc. sources a~-e listed in l-able. 1 ancl their spectra arc p]ottecl  in I;igs. 1-4. An

additional object,  W1.,16, is desmibe.d in }]anne.r, Tokunaga,  and Clcballe. (1992). F’or

objects with fluxes ~ 10- ] 3 Wm  -2 p.rn -1 , the s]mctra were sn~oothe.d  with a tl iangle

Yunc,tion of PWJ+M=  0.2 pn~ to in]provc  the signal – to– noise. The e f fec t ive

resolution c}f these spectra is = 0.28 pm.

3. A NEW TRAPEZ1LJR4 1 ;h41SSIVIrIY SPIZJ’RLJM

lntcmte.l]ar  silicate. feat u] es ale often compa~ e.d to the. “’J1rapcwiunl”  cmissivity

c>btained  from a spectrum of the. strong silicate. e.n]ission  feature.  in the oricm

T:apezium  1111 region  by assuming optically thin emissic~n  at a single te.mpcraturc.,
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2s0 K (IJolIest Cf al. 1975; Ciillett  ef al. 19”)5). “l-o cle.fine. this tvnissivity  more.

pre.cisc]y,  we observed the “1’~apcziun~  star 01 ori 1> as described above.. ‘l’he data

a~e shown in Fig. 1a.

The. overall shape of the. 01 C)ri l) spcxt;-um  matches the. Forjcst  CI 01. data

rcascmab]y  we]]. IIowe.ver,  foxbiclden  lines of Ar III at 8.99 pm, S IV at 10.51 pm

ancl NC II at 12.81 pm, and an e.missicm  fe.atum at 11.25 pm can be. seen in our

spectrum at spectral rcsolu  t ion R -=55. A spe,~trllrl~  of t}lis  feature taken with c~ss

at a resolution of =190  shcnvs it to have. the. characteristic width and shape of the

11.25 pm aroma!ic  hydrocarbon emission feat urc. We re.rncwed  the. forbiddc.n  lines

by linear intcrpo]ation. ‘I-o remove. the contlibu  ticm of the hydrocarbon bands at 7.7,

8.6, and 11.2S pm, wc assumed

ili the Orion bar (Bregman et al.

that thci~ spectral shape. was the same. as that seem

1989; Roche  C( al 1989),  scaled  to fit the Trapc.zium

flux near 11.25 pm, as shown in l~ig. la.

l’he. resulting relativo  emissivity obtainecl by subtracting the features and dividing

by a 2S0 K b]ackbocly is shown in l~ig. lb. ‘l’his profile. is similar to the. broad,

structul-cle.s.s  silicate emission feature given by Gillctt cl al. (1975), Possible. structure

bc.twe.c.n 9.7 and 10 pm is uncertain due. to the possibility of inccwnple.te.  emre.c.tion

for the. strong tcllurk.  ozone. absm  ])tion in this re.gicm.  We compare the. new

Trapezium e.missivity  to the. spectra c}f the. p OId} objects, in the following section.

4. MODIil / l:l”]’S “1’0 “1”1 lE SPIICTRA

l>c.tern~il~ing  the spcctla]  e.missivity of the silicates f~-onl observations requires

knowing the optical depths of all c)f the. dust cmnponcnts  which contribute to the. 10
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pm spectrum. This is a difficult challenge., be.ycmcl the scope  of this paper, recluiring

knowle.clge. of the cle.nsitie.s, te.mpe.ratu]  cs, and clust  geometries (e.g. clisks or spherical

enve.lope.s) arcm n d each chje.c.t, It is cleal,  fol example., that the. silicate. emission

featu~-es of Irig. 2 are. not clue. solely to optically thin cmissicm  from “1’rapcziurn - like

silicates, since. the. feature. cmntlasts  arc lower than that of l~ig. lb. l)ilution  by

featureless cmissicm  or optical clcpth  effects  could account  fcw the lower  contrast.

ACZOJ cling]y,  we have. taken the appl’oac.h  of applying simple. models tc) test how

we.]] each  spectmm can be. reploc]uce.d  by assuming that the. grains producing the.

feat ure  have. the 7 ‘rapezium emissivity, c,(A), given in Fig. lb. We. modeled the

spectra in four limiting cases  described below. ‘J’he underlying continuum emission

in each soulce. was assume.cl to follow a power law in wave. ]e.ngth. The. use of power

]aws lather than sing]e. – tempe.ratul  e. blat.kbodies is motivated by the. success  of

models which  include grains at a range. of temperatures to match the. spectral  energy

distributions of young stars (e.g. Adams C[ al. 1987; IIillenbrand  e? al. 1993). g’he.

models given here C1O not incoq~oratc  any specific  geometries for the dust; more.

cle.taile.d mode.]ing of the. entire. spectral e.ne.rgy distributions would bC recpired  to

cmnstrain the dust spatial distributions. 7’hc goal here. is to see whethe,r  some. simp]c

modeling  can reproduce the obse.1 vc.d range. of 8– 13 pm spectra with a given

e.missivity.

1 Mission fe.ature.s were mocle.llc.c]  with cases  1 – 3 and absorption features with

cases  3 and 4, clescribe,d  below. l~or each spectrum, a least squares minimizatio]~ was

perfo]med  to dete.rminc  best- fit values fol- the. parameters: i.e. the optical clepths,

spect]”a] indices, and norma]iz.ation  factors.
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‘J’he parameter al is equal to the. total line. of sight extinction at 9.7 pm, 790T. Note,

8

case 1 -- Variable optical depth (after Cohen  and Witteborn  198S)

AFL = %(-9;;  )M (1 - f -“1’JQ) (1)

With s,(A) normaliz.cc]  at 9.7 pm, the. pal-am e.ter a ~ is the total silicate optical depth

at 9.7 pm,  T9.T. This slab mocle.1 app] oximate.s  a clusty envelope. which both emits and

absorbs at 10 pm.

Case 2- ‘hvo  con]ponent:  Optically thick

AFL = aO(-;7 )“ +
.

+ optically thin emission

@’7 )m F.,(k) (2)

Il)e cplantitj’~  == a2/(n0 + U2) is the. relative. contribution of the. optica]ly  thin grains

to the flux at 9.7 pm. This moclel might apply, for example, to an optically  thin

envclcqx  and an optica]ly  thid disk (or the. stal itself), both of which both Contribute

to the flux at 10 pm. “l’he optically thick eonipone.nt  could  alternatively represent

emission f lonl feat u reless dust,

Case  3 - Optically thin with line of sight extinction (after (;ille.tt  e.[ 01. ]975)

(3)



that both the emitting ant] the abscx bing groins are. assume.cl  to have. the. ‘I”rape.z.ium

c.missivity. ‘J’his e.quaticm  might apply to an optically  thin Circwmstellar envelope.

ob.wurecl  by cold clust  along  the line of sight.

Case 4 - Optically thick with line of sight extinction

AF1 = ao(ga7 y’ e ‘“’’$1) (4)

“l’lie. parameter a ~ is the total line. of sight extinction at 9.7 pm, 7907. “I%is equation

might apply to an optically thick disk or cnvk.lc~pe (or the star itself) c)b.wumd by cold

CIUSL

‘1’he. best-fit parameters for each  case are given  in Tab]cs 2 and 3 and the fits

plottc.d in Figs. 2 and 3. l~its to the emission features with case. 3 we.rc. very similar

to those of case. 1 and are not plotted,

l’hc silicate  optic?] clepths derived under case 3 refer to the extinction by cold

(non -- emitting) dust along  the line of sight. If the extinction is interstellar, so that

the extinction of the. star and the. dust e.nvc]opc.  are the san~e,  then it is likely that

the derived optical depths are too high, given Ihc e.stimate.d visual  extinc,tiojls,  Av,

to the.sc stars. For  an extinction law typical of clust in the solar neighborhood,

%179.7 - 18.5 (Roche. and Aitke.n  1984), the required A v values  for 1]1) 150193,

l~lias 28, and Illias  13 under case.  3 would be 9.6, 13, and 19, respective.ly, compared

to previously c.stimatc.d values  of 1.S, 4.5, and 2.2 (1 lillenbrand  et al 1993; Cohen

and Kuhi 1979; Rouvie.r  and Appe. nz,e.llel  1992). Although the extinction laws to
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the.se. stars are not known precise.]y, this tc.ncls to favor  either  mcdel  1 or 2 to explain

the observe.cl e.n]issicm  features. I;OI mode.] 1 to avoid the same objection as model

3, the. geometry  must be. such that the. extinction of the stal- is only a small fl-action

of the. extinction in the clust e.nvelcq]e.

~’he.  main l-e.suit is that all of the. silicate fc.ature.s can bc fairly well matched by

the ‘1’1 ape7.iun)  emissivity using  one 01 mole moclels,  with scme possib]c  cle.viations

noted below. l~or the e~nission  fe.alure.s, aclopticm  of a variable optical depth  (e.g.

Cohen  and Witteborn 1985) is nc)t necessarily required. Such a model  dots

re.plocluce the. 111) 1S0193 spe.clruln well, but a two– component model provides a

comparably good fit to E]ias  28. Thus, the c)bsmved  contrast in the. silicate. mnission

fe.atul  e. dom not necessarily provide a clirect ]neasure. of the. silicate optical depth,

since. an optical]y  thick

Fol the. absorption

c.ompon  en t will lower the. contrast.

features, the optically thick model  with extinction (case. 4)

reproduced the. data fairly well, Optically thin emission with extinction (case 3)

in]prcwes the fit at the bottom of the band in all cases  (especially WI. 12, Elias  21)

but requires thc flux to drop sharply at 8 pm, which is not consistent with the data.

~’his is because the. exponential extinction affects the wave.] e.ngths  near the. peak of

the band more. strongly than the. wings. Gille.tt  C( al. (1975) found that including

optically thin emission did inlp~ eve. the. fits to the silicate absorption featurm toward

deeply  e.rnbeddcd  11 II regions.

WC. also invc!stigatcd  whe.thcl  the nar]  owe.r, more. symmetric, silicate. emissivity

scw.n arouncl the. late–type giant p Clep (Rcwhe

be.tte~  fits to the young stars. Rochc  and Aitke.n

10
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cliff use. interstellar medium is mole. cmnsiste.nt  with the p Gp emissivity. WC found

that the. agremnent  was nmw]-  better  than the. Trapezium models. I:m the strong

mnission  fe.atums  in I ID 150193 ancl I“{lias 23, moclels  with the p (kp profile were,

significantly worse. (e.g. Fig. 5a). For the. absorption fc.ature.s, no reasonable fits

cmu]cl  bc founcl  using the. p Ckp profile. with case.  3; fits using case 4 were gcnmal]y

of compal-able.  quality to those obtained with the Trapezium emissivity  (e.g. l~ig. Sb).

Whittet C( al. (1988) found that the. ‘~rapezium gave a belter  match  t}~an  p C@ to

silicate. emission and absorption fe.atu]cs  in the region of the ‘J’aurus dark cloud.

Thus the silicates along  the. lines  of sight to these  young stars in the. p C)ph cloud

generally appear to be. similar to ‘1’rape.z.ium silicates. With the. possible e.xce.ptions

discussed below, there does not appe.a~ to be structure, in the. silicate. spe.ctr urn. in

particular, none. of the. spectra show a pl eminent 11.2 pnl feature. similar to that

obsmve.cl  in Comet IIalle.y and attributed to crystalline. o]ivine (Br-e.gman C[ al. 1987;

Clampins and Ryan 1989). l’his implies either that substantial thermal annealing of

the. silicates has not yet occurred in the. cloud o] that, if thermal annealing has taken

place  close. to the stars, the. annealed grains are concealed by optically thick shells.

5. IIEVIATJONS FROM 3’J lE 3’RAPE7.ILJM  EM ISSIVH’Y

5 . 1  111) 1 5 0 1 9 3

Although none.  of cmr sources clisp]ay a .r[rcmg 11.2 pm peak like that seen in

Comet 1 lalle.y, e.xcwss emission near 11.25 pm at the. 10 percent IC.VCI  is cwidcnt  on

the. wing of the strong emission feature. in the. Ae star }11> 1S0193. A sin~ilal-

c.mission  feature. at 11.25 pm may bc present in l;lias  28 ancl }ilias 13 but the. lowcI
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signal/noise. in these spectra makes its reality uncertain. J;or 1111150193, the fe.aturc

appeals  to be broacler  t}~an the typical aromatic hyd] ocarbon  emission band at 11.25

~Jll (]:W] IM - 0.2.- 0.4 pm; Witte.born  cl al. 1989, Roche.  C[ al 1991) and there. is

no e.victe.nc.e,  of emission from the relate.cl  hydrocarbon 8.6 pm feature or the. wing of

the. 7.7 pm feature.  Yet  I ID 150193  is a IIe.rbig, Aeflle star (I~inkmlz.ellc.r  and h4undt

1984) and it is not unusual for such stars to exhibit emission from the. hydrocarbon

bands (DJookc d a[. 1993), Brcmke c1 al. (1 993) did not detect  the. arcnilatic  3.2.9 pm

feature in 111] 150193 and placed an upper  linlit to the 3.29 pm feature flux of 0.8

x 10-]s Wrn ‘2. Based  on a typica] flux ratio of the. 1 J .25/3 .29 bands of -2-4 (Puge.t

and 1.egm 1989), the 11.25 pm arolnatic  emission could  contribute., at most, only

about half of the. cxccss flux at 11.25 pm, although this flux ratio varies substantially

from object  to objwt (Cohen cl al. 1989).  C)bse.rvaticms  at higher spectral resolution

are nccde.d  to clarify the possib]e  contributicm  of aromatics and better define. any

new silicate  feature in }111 150193.

3“here is a dip near 9.8 pm in the. spectrum c)f 111>150193, producing an apparent

maximum in the. silicate ernissivity at around 9.4 pm. No strong aromatic  features

lie. in this region, The. dip cwwrs  in the. region  of strong telluric  ozone absorptiorl

but, if real, the, peak at 9.4 pm could  indicate. a compositional difference in the

silicates around this star,

5.2 Absorption Fe.aturc.s

‘1’hc.re.  appear to be significant deviations f~mn t}lc “1’rapm,ium  e.rnissivity  in two

of the absorption sources; both 1 ilias ?.1 and W]. 12 recpiire.  a silicate emissivity that

12.



is narI  owcr  than that of the. T~ape.ziun~. lo illustrate this, the. parameters for the

Case. 4 fits were. used to invel t the. clata and obtain  new ) e]ative  e.rnissivity  profiles.

This prc~e.clure is valid

~’rapez.ium  cmissivity

as hang as the tlue. e.missivities  do not differ  greatly from the.

and the. mocicl  assumptions are correct The, de]ivc.d

mnissivitics  ncmnalizecl

e.missivit y norm aliz.ed in

profi]cs  that are. lower

roughly to the.ir peaks  are. shown with the I’rapczium

the, same  way in I(ig. 6. lilias 2.1 and WL 12 have. similar

than the Trapezium on the long wavelength sicle.. This

nar]  owe.]- pl ofile. could indicate. diffe.re.nce.s in the. composition of the. silic.at m. ‘1 ‘hcse.

two objects have, the. coolest dust c.cmtinuum  cmissicm of any sources in our sample..

‘l-he wavclemgth  of maximum and the. width

similar to the. p Ce.p e.missivity  although the

~o}~en  & Witteborn (198S) concluded

of the central part of the. feature are.

wings differ.

that a few young stars, such as the

} le.rbing Ae/Be stal- AR Aur, had silicate. emission features narrower than e.xpecte.d

from the g’rapez,iurn  emissivity; they attl  itmte.d this to more. crystalline. silicates. in

contrast to E]ias  2.1 and W]., 12, All Aur matches the. ‘1’rapczium on the long

wave] cmgth  side, but requires a nar~ower  mnissivity  on the short wavc]ength  side, so

diffe~ ent mate.ria]s  appear to be. involved.

Both crystalline and amol-phous  silicates can differ in the width and the

wave.le.ngth  of maximum of their 10 pm spectral feature. (see  discussion in 1 ]anner

cz al. 1994).  Amorphous olivine (e.g. Stephens and Russe.]1 1979) and amorphous

pyroxencs  (e.g. Dorschner  cl al. 1988) have both been suggested as plausible

canclidate.s  to explain the “1’rape.z.iunl  e.missivity, the. pyroxtmes  tending to peak at

shorter wave.le.ngths  compared to o]ivillc  (see. also l>ay 1979; Krit.schmc.r  and

13



1 luff man 1979). Ncme of the sam;}les mcasumd in theses papers displays a 10 pm

feature  wicle. enough  to explain the Trapcwium emissivity by itself, assuming grain

radii K 0.S pm. ScmIC of the amorphous materials do have features wide enough  to

match a narrower feature like those se.e.n towarcl Iilias  21, WI, 12 or An Aur,  though

we have not founcl a precise. spectra] match. Koike  and I lasegawa  (1987) suggest

that the width of the 10 pm feature in amorphous silicates is correlated with the Si02

content, with higher SiOz content leading to progressively narrower features peaking

at shorter wave] cngths. l’hus compositional differences within amorphous silicates

may be sufficient to explain the cleviations from the Trapezium ernissivity  seen in a

few young stars, without the nce.d for invoking a higher clcgree of crystallinity.

A Change in the mean particle size can also affect  the width of the 10 pm silicate

feature; larger particles cause the feature to broacle.n  on the. long wavelength side.

I’his effect  is significant for particles with radii >0.75 pm, larger than the canonical

value for interstellar grains (Draine and 1,e.c 1984). Note also that the grains in the

Trapezium would have 10 bc. the larger ones,

6. SII/ICATF ANI> IIzo ICl; RAND  DIH’’1’J1S

Our models  provicle  estimates of the extinction clue to silicate grains toward the

young stars in the p Oph cloud unclc,r  diffcre.nt assun~ptions. ‘l’he extinction duc to

silicates can be compared to the extinction at other wavelengths to dete.rminc.  the.

broad optical properties of the grains along the line of sight. Values  of the total

visual e.xtinc.tion,  Av, arc difficult to estimate for the clee.ply e.mbeclded objw.ts.
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These,  objects do exhibit 3 pm I ILO ice absorption bands, however. ‘1’hus we limit

the discussion to a comparison of the. silicate. and 1120 ice band depths.

A major uncertainty in the. estimation of the. silicate band extinction depths

towards the embedded sources is tlie possibility of intrinsic silicate emission in the

sources. Our two models  give. good upper and lower limits to the extinction. in the

limit that the intrinsic emission is optically thin (case. 3), the derived optical clepths

are greater by - 2, co~~lpared  to the optically thick model (case  4). As discussed

above, the mode.]  which included optically thin emission did not in general provide

better  fits to the spectra compared to the model with extinction only, (see Fig, 2 ancl

‘J’ab]e 3). Also, if there were. optically thin emission, the extinction were interstellar

(so that the. star suffers the same extinction as the emitting clust),  ancl the extinction

law were similar to that in the solar neighborhoocl,  Av/T9,7  - 18.5 (Roche and

Aitkcn  1984), then the implied Av values for the visible stars IHias 22, Elias  30, Elias

16, and 111>147889 would be. e.xtreme.ly high: 31, 44, 27, and 42 mag, respectively,

compared to previously estimated values  for these stars of 6.6, 5,0, 6.2, and 4.6 rnag

(Bouvie.r  and Appe.nzel]er  1992; Aclams C( al. 1987; Elias  1978). l-he impliecl Av

va]ucs  for the optically thick case are closer  to the. literature values, though only

upper limits can be obtainec]  for lilias 22 and l{lias 16. For these reasons, wc will

assume. in this section that there is no significant silicate emission in the embedded

sou rce.s.

l;igure 7 shows the 1120 ice band optical depth, 7~,cW from Tanaka ef al. (1990),

plotted against the silicate band optical depth for the. p Oph sources in which both
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featureswe  rcdete.cted.  l'here.i  srotighc  orle.latiol~,tho  ~lghwit  hco~~side.rablesca  tter;

a formal  weighted fit gives:

T 3.08 = 1.06  * 0.04(T97 - 0.004 * 0 . 0 2 1 ) . (5)

It would be useful to compare this re]aticm to the results for e.n~beddecl  young

stars in ot}~cr clouds. The. slope is a measure. of the extent  of ice mantling on grains;

a negative, intercept could indicate

shielded from destruction by the

Whittct et al. 1988). Whittet  et al.

an extinction threshold above which }]L() ice is

interstellar or circ.umste]lar  radiation field (cf

obtained ice and silicate optical depths for four

embedded young stars in the. V’aurus cloud assuming no intrinsic silicate emission

in the sources, but the data show too  much scatter to clcfine  any clear relation at this

time.. ~’hey also obtained data for fielcl  stars behind  the “1’aurus cloud, but thaw is

at this tin~e.  insufficient data to say definitively whether the. ~q ~ vs. 79, relation for. .

the p Oph c.mbedded  objects is significantly diffe.re.nt  from the relation for the

3’aurus  field stars.

Note that even a small amount of intrinsic emission would tend to shift the.

points to the right on l~ig. 7, rendering conclusions about the slope and threshold of

the 7? ~ vs. ~g ? re]ation  somewhat uncertain. ];urthcr progress in the determination. .

of this relation for the p Oph cloud will come. from better observations of the

absorption band depths in background stars free. of circumstc]lar  dust.
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7. AROMATIC II YI>ROCARDON  liMISSION l;l;Aq’[JRES IN Ii] .IAS 14

“1’he spc.ctrum of Elias  ]4 is plotted in l;ig. 4. An emission peak at 11,25 pm is

clearly visible, with a wiclth - 0.4 pm, co]lsistent  with the 11.25 pm aromatic

hydrocarbon fcatum (see. e.g. Roche  el al. 1991). ‘1’he rising slope near 8 pm is

consistent with the presence of the ‘7.7 pm feature, but the e.xpe.ctcd 8.6 pn~ feature,

if pre.se.nt  at all, is weak. l{lias 14 is the. second young ste.Jlar object  with strong

aromatic emission features we have found in the p Oph cloud; the first was WI,  16

(I]anner  et al. 1992). Both sources exhibit plateau emission ]ongwarcl  of the 11.25

pm feature, but there is no clear  evidcncc.  for the 12.7 pm fe.aturc.  seen in WI, 16 in

the F.lias 14 spectrum.

q’hc presence of aromatic hydrocarbon emission feature.s in I;lias  14 is surprising

since the spectral type. of t}lis object is estimate.d to be KO (Bouvic.r  and Appe.nze.ller

1993), and the family of aromatic emission features is usually seen in regions of high

ultraviolet flux (for a recent  review, see Sellgren  1990). l~urthermore,  the. star dots

not show a significant dust cxce.ss in groundbasc.d  photometry; the in frarecl colors up

to 10 ~m are consistent with a reddc.ned  photosphcre  (Lada  and Wilking  1984).

1 lowcver,  IHias 14 lies only about  10’ away (projccte.cl  clistancx  0.S pc for a distance.

cl=- 160 pc) from the 112 V star 111> 147889, ancl in t}~c region of extcnclccl  IRAS 12

pm emission e.xcite.d by this star (Greene and Young 1989). So it seems  plausib]c

that the ’11 star excites the feature in the dust around I{lias 14. lnteresting]y,  I ID

147889 itself does not show any evidence of the 11,25 pm feature (l~ig.  2), perhaps

due. to dc.struction  or dc.hyclrogenation of the aromatics near the star.

17



‘1’wo stars with silicate absorption features (lHias 23 and lilias 30) also appc.ar

to have soJnc  excess emission at ] 1.2S pm, though the cance.]lation of the sky

bac.kground  is poor in each case. Jilias 23 also lies in the region  of strong 12 pJn

emission around I ID 147889 (as cloc.s l~lias 21); I\lias  30 lies just outside. this region.

IIoth  are classified as KO (Bouvie.r  and Appc.nzeller  1993; CMini 1981).

8. (XINCY.USIONS

1. Silicate emission and absorption features toward young stars in the p Oph

cloud can bc fairly well re.pre.se.nted  by the. 7’rape.ziun~ silicate dust emissivity

common in molecular clouds using simple. models. This  indicates that substantial

thermal annealing of the. silicates along t}]e lines of sight has not omurrcd.  If

thermal annealing has taken place close.  to the stars, spectral signatures of the.

annealed grains are masked by optically thick shells. The emissivity of the dust

around the late–  type giant p Cep does not provide significantly better fits to the,

absorption sources and provides a poorer match to t}le  emission sources,

2. “l’here are possible deviations from the Trapezium emissivity in soJne  objects,

which could indicate diffe.re.nce,s in silicate composition. ‘l’he. strong silicate emission

feature in the Ilerbig Ae/13e  star HI>] 50193 shows clcviations at the. 10% level from

the I’rapezium  ernissivity  at 9.4– 10 pm and near 11.25 pm. Narrower silicate

features are seen in absorption toward two objects, Elias  21 and WI-. 12.

3, Silicate extinction band depths were estimated for the deeply embedded

sources. “1’he slope of the T3cm vs. T9t7 relation was estimated (assuming no intrinsic

silicate emission in the sources).

18



4. At leasl  one KO star  in the. C1O U C1, I{lias 14, shows the 11.25 pm e.missicm

feature due  to aromalic hydrocarbons, probably excited by the nearby R2 V star, I ID

147889.
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FIGIJRE CAPI’JC)NS

IJig. 1 –(a) Spectra of the Orion Trapezium star 01 Ori 11 obtained with the UKIRT

CGS3 low resolution grating through a 9.4” aperture. l>ashecl line is the scaled Orion bar

aromatic hydrocarbon spectrum. (b) Relative. cmissivity found by linearly interpolating

uncler the emission features, subtracting the component due to aromatic hyclrocarbons,  and

dividing by a 250 K blackbocty. ‘l’he relative emissivity has been  smoothed by a triangle

function of l~Wl IM =0.2 pm and normalized at 9.7 pm.

I;ig.  2(a – cc)– Spectra of p

I-JKI RT CG S3 low resolution

the text,

Oph sourc.e.s  with silicate emission features obtained with the

grating through a S.5” aperture.. Moclcl fits are. describe.cl  in

Fig. 3(a – j) – Spectra of p Oph sources with silicate absorption features obtained with

the UKIR’1’ CWS3 low resolution grating through a 5.5” aperture. Mode.] fits are described

in the text,

Fig. 4 –Spectrum of Hlias 14 in the p Oph c]oud obtained with the UKIRI’ CWS3 low

resolution grating in 1992 through a 5.5” aperture..

Fig, 5– (a) Fits to I ID 150193 using the p Cep emissivity profile. (b) Fit to I~lias 21

using the ~ Cep  emissivit y profile..

IJig. 6–Resulting emissivities  of Elias  21 and WI, 12 after inverting a fit with extinction only

(case  4). ‘l’he emissivities  have been normalized roughly to their peaks.

Fig. 7-~ 1120  ice band optical depths from ‘1’anaka  et al. (1990) plotted against silicate.

absorption bai~d depths for deeply embedded p Oph sources, assuming no intrinsic silicate

emission. I>ashed line is the best least  squares fit.
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